Quantitative electric force microscopy ͑EFM͒ is usually restricted to flat samples, because vertical sample topography traditionally makes quantitative interpretation of EFM data difficult. Many important samples, including self-assembled nanostructures, possess interesting nanoscale electrical properties in addition to complex topography. Here we present techniques for analysis of EFM images of such samples, using voltage modulated EFM augmented by three-dimensional simulations. We demonstrate the effectiveness of these techniques in analyzing EFM images of self-assembled SiGe nanostructures on insulator, report measured dielectric properties, and discuss the limitations sample topography places on quantitative measurement.
I. INTRODUCTION
The electrostatic forces on a conducting cantilever depend strongly on the nanoscale electrical properties of the sample beneath it. This electrostatic interaction is used in electric force microscopy ͑EFM͒ to quantitatively measure the local charge, dielectric constant, and work function of relatively flat samples. [1] [2] [3] [4] [5] [6] If the sample is not flat, EFM measurements are notoriously difficult to interpret, primarily because topography strongly influences tip-sample electrostatics. Consequently, attributing EFM signals to either topographic or electronic origins can be challenging. Because many interesting nanocircuits and self-assembled nanostructures possess significant topography, it is important to develop techniques that can overcome these challenges and extract information about local dielectric constant, trapped charge, and work function.
One effective way to distinguish electrical properties from topographic crosstalk is to exploit time-varying phenomena. Transient responses such as charge decay, blinking, or moving under the influence of an applied voltage have been used to quantitatively measure local trapped charge. 2, 3, 5, 7, 8 Unfortunately, measurement of static properties such as local dielectric constant precludes the use of these approaches. Tip-sample simulations of EFM ͑Refs. 9-14͒ have been shown to be helpful in the extraction of physical quantities from EFM images of essentially flat samples. However, simulations may in fact be most useful for samples with three-dimensional nanostructured topography.
We present techniques that allow the effect of sample geometry on the interpretation of EFM images to be systematically examined and understood. These techniques utilize voltage-modulated EFM ͑VMEFM͒ augmented by threedimensional electrostatic simulations. We provide guidelines to indicate when simulations which take sample topography into account are necessary to interpret EFM images. We discuss the effect of sample topography in the context of selfassembled SiGe nanostructures, and we match experimentally measured EFM data with simulated scanlines to extract dielectric properties. We show that carefully calibrated cantilever force constants are not required for quantitative analysis, because simple electrostatic references are frequently present in, or can be easily added to, samples of interest.
II. EXPERIMENTAL AND COMPUTATIONAL APPROACH
In VMEFM a conducting cantilever oscillates at a set height above the surface of the sample and probes the longrange electrostatic forces between tip and sample. At any given point over the sample, the resonance frequency of the cantilever is shifted an amount ⌬v by the local force gradient. For small amplitudes of cantilever oscillation, this shift is given by
where k is the cantilever stiffness, v o is its natural resonance frequency, and FЈ is the local tip-sample force gradient. 15, 16 In general, the measured frequency shift is difficult to simulate accurately because the force on the cantilever, and thus the EFM response, depends on many variables, such as charge, workfunction, dielectric constant, and geometry. In VMEFM, the application of a voltage V tip = V dc + V ac sin͑t͒ simplifies data analysis. The ac voltage produces a frequency shift ⌬v with Fourier components at dc, , and 2. We focus on the response at 2,
because it depends only on the second derivative of the tipsample capacitance CЉ͑z͒, the applied ac voltage V ac , the cantilever stiffness k, and the natural resonance frequency v o . Thus, ⌬v 2 is a measure of anything that influences the tipsample capacitance, such as the local dielectric constant and geometry. Although this type of VMEFM ͑2-EFM͒ has received relatively little attention, [17] [18] [19] [20] it is ideal for investigating the interplay between geometry and local dielectric constant. Because 2-EFM does not require electrical contact to the sample surface-only a backgate is required-it is also particularly useful for samples with electrically isolated or floating elements, such as nanowires 21 or nanotubes 22 on oxide.
As shown in the simulations in Fig. 1 , described below, for nanostructures with significant vertical topography, the lateral size of a nanostructure can be very important in determining the EFM response. Although the two nanostructures in Fig. 1 have identical dielectric constants, they produce radically different EFM responses. For the simulated scan over the larger nanostructure, an increased force gradient over its center is present. In contrast, the scan over the smaller nanostructure is low in the middle and has two sharp peaks at its edges, which result primarily from the geometry of the nanostructure. These two circumstances occur routinely in EFM scans of nanostructured materials with vertical topography. Without knowledge of how sample geometry influences measured EFM responses, it can be difficult to know whether EFM images are a good measure of local dielectric properties.
To create the scanlines, we solve Laplace's equation in three dimensions at several tip-sample separations using FLEXPDE. 23, 24 We find the force on the cantilever at several heights, curve fit the resulting forces with a power law, 25 and differentiate to obtain the force gradient on the tip. In the simulations the tip has the dimensions of the commercial cantilever ͓͑MESP͒, Veeco Metrology, Santa Barabara, CA͔ and consists of a pyramid with front and back edges at 10 deg and 25 deg and side edges at 17 deg from vertical. A paraboloid is superimposed at the apex of the tip to provide a tip radius of curvature of 25 nm. A flat plate is added at the top of the pyramid to simulate the cantilever arm. Figure 1 implies that there is some lateral length scale which, when compared to nanostructure size, determines the scanline shape. The lateral size of the nanostructure is important because it determines how much the nanostructure perturbs the electric field beneath the tip. This in turn depends on how the electric field lines are concentrated between the tip and sample. As shown in Fig. 2͑a͒ , because of the shape of the tip, the majority of the electric field lines between a cantilever and a flat metal sample are concentrated directly beneath the tip. In fact, EFM has high resolution because the forces important for establishing the tip-sample force gradient are found predominantly at the apex of the tip. We can quantify the importance of each region of the tip by calculating the force gradient on larger and larger fractions of the tip beginning at the apex. We find those responsible for 50% of the full sample-cantilever interaction, depicted as dashed lines in Fig. 2 . 12 By following the electric field lines from the appropriate portions of the tip down the conducting sample, we find the area of the sample responsible for 50% of the force gradient. We describe this area of the sample by its radius, which we call the radius of influence. The size of r influence depends largely on the distance z between the tip and the nearest conducting layer in the sample. Using threedimensional ͑3D͒ simulations, we can quantify r influence for MESP cantilevers at a height z ͑typically Ͼ10 nm͒ above a flat conducting plate: For techniques that measure local force gradient r influence = 0.8z + 4 nm, while r influence =3z − 5 nm for techniques that measure the local force. 26 If a dielectric of thickness zЈ separates the tip and the nearest conducting plate, the radius of influence can still be estimated by adjusting the tip height to account for the dielectric, z Ϸ zЈ / dielectric . These equations demonstrate explicitly the fact that measuring force gradient rather than force increases EFM resolution. 9 In the context of the radius of influence, we systematically investigate the importance of the lateral size of a nanostructure. Figure 3 plots the force gradient on a tip over conducting nanostructures of varying radius r ns and a height of 40 nm. For "small" nanostructures ͑r ns Ӷ r influence ͒, the presence of the nanostructure beneath the tip actually reduces the force gradient from what it would be without any nanostructure at all ͑dashed line͒. This is simply because the tip is farther away from the sample and the dielectric nature of the nanostructure has little impact. As the radius of the nanostructure increases, however, the nanostructure begins to influence many more field lines between the tip and the backgate. More of the electric field lines end on nanostructure itself, increasing the bending of the electric field lines and thus the local force gradient. For an infinitely large
"nanostructure," the force gradient approaches a constant value because the sample is locally flat. We can define three regimes for nanostructures of this height: ͑1͒ r ns Ӷ r influence , ͑2͒ r influence ϳ r ns , and ͑3͒ r ns ӷ r influence . For r influence ϳ r ns simulations which take into account nanostructure geometry are pivotal to data interpretation because the lateral size of the nanostructure directly affects the magnitude of the EFM response. For example, recent measurement of the local dielectric constant PAn.HCSA/PEO nanofibers by scanning capacitance microscopy showed that quantitative agreement between simulations and experiment could not be reached by modeling the sample as a flat plane. They subsequently conclude that the exact geometry of the nanofiber would need to be taken into account to quantitatively explain measurements. 21 Using the parameters for this experiment in our equations, we predict r influence ϳ 80 nm; given that r ns ϳ 80-150 nm one would expect that nanostructure geometry would indeed need to be taken into account for quantitative measurements. We note that for r ns Ӷ r influence and small nanostructure height, the sample is essentially flat and conventional simulations which do not account for sample geometry are often sufficient. Similarly, for r ns ӷ r influence simulations which account for nanostructure geometry are less critical.
III. DATA ANALYSIS
We now turn to experimental EFM images in order to demonstrate quantitative data interpretation of a nanostructured sample with significant vertical topography. The sample consists of self-assembled SiGe nanostructures on silicon-on-insulator. Sample morphology and growth specifics are described in detail elsewhere. 20 Briefly, a thin layer of silicon ͑10 nm͒ sitting on oxide is laterally patterned into 10 m ϫ 10 m mesas; Ge is then deposited at 700°C. The germanium diffuses to the edge of the mesa, where it forms SiGe domes. As the SiGe domes form, they incorporate the surrounding ultra-thin silicon layer, electrically isolating themselves from their surroundings. 20 Figures 4͑a͒ and 4͑b͒ show tapping mode atomic force microscopy ͑AFM͒ and 2-EFM images of the edge of such a mesa. Because of the complex sample topography, our EFM images are acquired in "lift-mode" on a Digital Instruments Nanoscope IIIa with an Extender Electronics Module. In this mode the cantilever makes one pass in tapping mode to acquire sample topography and then retraces the same scanline, using the acquired topographic data to hover over the sample at some set tip-sample separation. In the EFM measurements, the tip is electrically connected to a silicon handle wafer ͑backgate͒ underneath the nanostructures on oxide, similar to the situation shown in Fig. 3 ͑inset͒. The tip traces the topography at a height of 20 nm, with an ac voltage of 2 V peak-to-peak and a frequency of 300 Hz applied. The measured frequency shift is fed into a lock-in amplifier and the response at 600 Hz is extracted. Because the tipsample separation is 20 nm and the oxide is 200 nm thick, r influence is a maximum of ϳ60 nm ͑Ref. 27͒ over the domes. The radius of the nanostructures is ϳ125 nm, so r influence ϳ r ns and we would expect that 3D simulations that account for nanostructure geometry are necessary to extract dielectric information.
Before interpreting the more complicated EFM response over the SiGe nanostructures, we verify that simulations and experiments match well for simple geometries. Although simulated force gradients can be equated with measured frequency shifts using Eq. ͑2͒ ͑both give values in the tens of hertz͒, the accuracy of this prediction is limited by knowledge of cantilever spring constant. Instead, we choose two relatively simple electrostatic situations-the tip over a flat metal plate and the tip over an oxide-and compare the predicted ratio of these two electrostatic situations to the corresponding experimentally measured ratio. We use the ratio of the expected values for ͑i͒ a tip 20 nm from an insulator and ͑ii͒ a tip 20 nm from a conducting plate, similar to the experimental situations to the far left and right in Fig. 4͑a͒ . As   FIG. 3 . Force gradient on stationary cantilever 20 nm above the center of a floating nanostructure with varying radius. For small nanostructure radii, the force gradient approaches the value of a tip 60 nm from the oxide; for large radii, the force gradient approaches that of a tip 20 nm from a flat conducting plate.
FIG. 4.
Tapping mode atomic force microscopy ͑a͒ and 2-electric force microscopy with V tip = 2 V peak to peak at a frequency of 300 Hz and tip-sample separation 20 nm ͑b͒ of SiGe nanostructures at the edge of a mesa. ͑c͒ Normalized simulated scanline offset from normalized experimental scanline. The inset ͑not to scale͒ shows the predicted dielectric constants of the SiGe nanostructures.
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we have shown previously, the thin layer of silicon on the mesa in situation ͑ii͒ has large enough conductivity that we may treat it as a conducting plane. 20 Off the mesa ͓situation ͑i͔͒ the silicon has been removed, exposing the silicon dioxide underneath. The predicted ratio of 2.5:1 for these two situations matches well with the experimentally measured ratio of 2.4:1, with no adjustable parameters.
In contrast to the response over the flat areas of the sample, the EFM response over the SiGe domes is quite complex. Figure 4͑c͒ shows the predicted ͑bottom͒ and experimental ͑top͒ scanlines. For ease of comparison, both scanlines have been normalized with respect to the response on the mesa. For the experimental scanline, the SiGe domes are labeled 1-4, and the edge peaks between them are highlighted by arrows. The EFM responses over the domes one and two are relatively low ͑similar to the response off the mesa͒, while the response over the fourth domes is higher, similar to the response on the mesa. Because of the complex geometry of the SiGe nanostructures, this difference in response could result from ͑1͒ scanning over an edge, ͑2͒ the shape of the domes themselves, or ͑3͒ a variation in the local dielectric constant. It is the role of three dimensional simulations to differentiate between these possibilities.
We can account for possibilities ͑1͒ and ͑2͒ by inputting the exact geometry of the domes obtained from the tapping mode AFM scans into the electrostatic simulations. We limit the possible dome dielectric constants to 3.9 ͑SiO 2 ͒, 12-16 ͑Si to Ge͒, and infinity ͑a good conductor, approximated here as 10 6 ͒. From the AFM image, the silicon layer ends beneath the fourth dome from the edge. By holding simulation geometry constant and changing only the dome dielectric constant we produce several possible scanlines. We show here the only simulated scanline which best matches our experimentally measured scanline. The simulated scanline has a low response over domes one and two and a high response over dome four. Note also that the simulated scanline has edge peaks of appropriate magnitude in between each of the domes. This scanline predicts that the three edge domes have a dielectric constant of 12 ͑gray͒, while the fourth dome ͑black͒ has a dielectric constant of infinity ͑10 6 ͒. We would generally expect all of the SiGe nanostructures to have dielectric constants of the same magnitude, and thus the extracted result for dome four is somewhat surprising. To understand this result, recall that the silicon plate behaves as a conductor in these EFM experiments because it contains mobile charge. The innermost SiGe nanostructure is electrically connected to the silicon plate and therefore charge can flow freely from the plate into the nanostructure. As a result, the nanostructure can locally screen the tip from the backgate. The other three nanostructures are electrically isolated from the plate, and thus cannot draw free charge from it. They have a dielectric constant of order 12 because they possess insufficient free charge to screen the tip from the backgate.
We note that even with careful accounting for nanostructure geometry, the simulated and experimental scanlines do not perfectly match. In particular, the slope of the frequency shift over the third dome from the edge does not match exactly. This is probably because the silicon plate does not end at the exact lateral position we have assumed in our simulations-unfortunately this is one aspect of the sample topography we cannot measure precisely with tapping mode AFM. Although the simulations we report here enable significantly improved interpretation of the EFM images of the SiGe nanostructures on silicon-on-insulator, we are not able to distinguish between =12 ͑Si͒ and 16 ͑Ge͒; however, we can easily distinguish between = 3.9 ͑SiO 2 ͒ and 12 ͑or 16͒ even in the presence of very large topography.
As we have shown, sample topography plays an important role determining the EFM response for nanostructured samples. We introduce the concept of the radius of influence and show that when sample features are on the order of r influence , electrostatic simulations which accurately account for sample topography are needed to extract dielectric properties. As an example, we discuss the role that geometry plays in EFM measurements SiGe nanostructures on siliconon-insulator, and extract nanostructure dielectric properties. We show that use of simple electrostatic references can eliminate the need for carefully calibrated cantilever spring constants. Although we focus exclusively on 2-EFM, analogous results should hold for other scanning probe microscopies ͑such as scanning conductance microscopy͒ in which geometry influences the measured response.
